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One metric for comparing confinement properties of different magnetic fusion energy configurations

is the linear critical gradient of drift wave modes. The critical gradient scale length determines the

ratio of the core to pedestal temperature when a plasma is limited to marginal stability in the plasma

core. The gyrokinetic turbulence code GS2 was used to calculate critical temperature gradients for

the linear, collisionless ion temperature gradient (ITG) mode in the National Compact Stellarator

Experiment (NCSX) and a prototypical shaped tokamak, based on the profiles of a JET H-mode shot

and the stronger shaping of ARIES-AT. While a concern was that the narrow cross section of NCSX

at some toroidal locations would result in steep gradients that drive instabilities more easily, it is

found that other stabilizing effects of the stellarator configuration offset this so that the normalized

critical gradients for NCSX are competitive with or even better than for the tokamak. For the

adiabatic ITG mode, NCSX and the tokamak had similar adiabatic ITG mode critical gradients,

although beyond marginal stability, NCSX had larger growth rates. However, for the kinetic ITG

mode, NCSX had a higher critical gradient and lower growth rates until a=LT � 1:5 a=LT;crit, when it

surpassed the tokamak’s. A discussion of the results presented with respect to a=LT vs. R=LT is

included. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4791657]

I. INTRODUCTION

Two of the main magnetic fusion energy designs are the

axisymmetric tokamak and the non-axisymmetric stellarator.

Tokamaks have seen significant heat loss due to turbulence,1

while stellarator losses have traditionally been dominated by

their larger neoclassical transport. Studying turbulent trans-

port in stellarators is increasingly important, however, as

modern stellarator designs (such as Wendelstein 7-AS (W7-

AS),2 Wendelstein 7-X (W7-X),3,4 the National Compact

Stellarator Experiment (NCSX),5 the Large Helical Device

(LHD),6 and the Helically Symmetric Experiment (HSX)7–9)

have shown or are designed to have improved neoclassical

confinement and stability properties. Therefore, turbulence

could be increasingly relevant in stellarator experiments.

Several gyrokinetic studies of drift-wave-driven turbulence

in stellarator geometry have been done10–26 with a variety of

gyrokinetic codes, such as GS2,27 GENE,15,28 GKV-X,16,17

and FULL.10 These codes have all been linearly bench-

marked against each other for non-axisymmetric geome-

tries.18,19 Progress has even been made in optimizing

stellarator designs to have reduced turbulent transport.29

Besides comparing good stellarator configurations (as

was done in Refs. 19, 21, and 29), one would like to compare

stellarator confinement with that of tokamaks. The relative

benefits of each device are important to consider when

designing the next generation of experiments. A few previ-

ous comparison studies have been done, such as those in

Refs. 20 and 21. Here, the gyrokinetic turbulence code GS2

(Ref. 27) is used to compare microinstability of the electro-

static adiabatic ion temperature gradient (ITG) and the

electrostatic collisionless kinetic ITG modes in the quasi-

axisymmetric NCSX design to that of a highly elongated

tokamak. Because this tokamak and NCSX geometry differ

so significantly, it is hard to pinpoint what parameter has the

greatest effect, but overall effects will be examined.

ITG mode-driven turbulence has been connected experi-

mentally to measure heat losses in both tokamaks (e.g.,

Ref. 30) and the LHD.22 There is much variability in stellara-

tor designs, and it is unclear without more study which

modes will dominate in each. Preliminarily, Ref. 31 suggests

that ITG transport in NCSX may be larger than that of ETG

(see Figs. 8 and 9 of that paper). While only the ITG mode

thresholds are compared in this paper, further study could

show that other modes dominate in this case and in other

devices.

In Sec. II, a simple comparison metric is defined for use

in this paper. Sections II A and II B describe the tokamak

and stellarator configurations: a Miller equilibrium for the

highly elongated tokamak and a numerical equilibrium for

NCSX. Next, growth rates and critical temperature gradients

are compared for the ITG mode in Secs. II C and II D.

Finally, the study is concluded in Sec. III.

II. NCSX VS. A SHAPED TOKAMAK

To understand the trade-offs between stellarator and axi-

symmetric geometry and their confinement capabilities,

designs can be compared computationally. One metric of

confinement quality is the ratio of the core temperature to

the pedestal temperature, T0=Tped , as fusion reactors need

very high core temperatures, and high core temperature

implies good confinement. This ratio is related to the critical

temperature gradients. If �@T=@r � T=LT;crit, temperature-

gradient-driven instabilities are marginally stable––a reason-

able assumption in a reactor plasma, as temperatures inside
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the pedestal will be so high that profile stiffness will ensure

that gradients are close to marginal stability. This is demon-

strated by Fig. 3 of Ref. 32, which shows that fusion power

(and thus the temperature profile) depends primarily on the

pedestal temperature and not the beam power, for the case of

balanced beams.

At marginal stability (assuming 1=LT;crit is independent

of minor radius)

TðrÞ ¼ T0e�r=LT;crit : (1)

The minimum temperature is at the edge where r is maxi-

mum, rmax ¼ a, where a is the minor radius. In this simpli-

fied story, another approximation will be made that Tped

occurs at r¼ a. So, TðaÞ ¼ Tped ¼ T0e�a=LT;crit . Therefore, the

core temperature’s dependence on the critical temperature

gradient for typical tokamak values33–35 of a=R � 1=3:5 and

R=LT;crit � 5 is

T0=Tped ¼ ea=LT;crit

¼ eða=RÞðR=LT;critÞ

� eð1=3:5Þ5 � 4:2:

(2)

One wants to maximize the core temperature, T0. Tped is

set by non-transport mechanisms and cannot be arbitrarily

high, leaving a=LT;crit as the important parameter in Eq. (2).

If an alternative fusion device design could increase a=LT;crit

by just 30%, this would increase the central temperature by

50%, more than double the fusion power (a caveat––this is a

simple estimate and does not take into account the fact that

MHD stability changes with higher pressure peakedness). In

this paper, the critical ion temperature gradients are com-

pared for NCSX and a strongly shaped tokamak design. The

stated stellarator minor and major radii are the average

values.

A. Miller equilibrium for this tokamak

NCSX runs were compared to a potential high-elongation

tokamak based on a composite of ARIES-AT36 and JET

H-mode shot #52979. It is well known that tokamak perform-

ance improves at high elongation and triangularity37–39 (in

large part because this leads to more plasma current at fixed

q), so when designing future tokamaks, one would like to use

the highest possible values of elongation and triangularity,

although elongation is limited by vertical stability control if it

becomes too large. Some initial studies of shaping effects

with GS2 were carried out in Ref. 35, using a range of shapes

scaled from the particular JET shot #52979 (available in the

ITER profile database40). This JET shot, described in more

detail in Refs. 41 and 42, was chosen as a representative

H-mode plasma that has been studied in detail by gyrokinetics

codes before. Parameters for this paper were chosen from shot

#52979, but the shaping parameters were scaled to the higher

levels achievable in tokamaks. These values of edge elonga-

tion and triangularity are from ARIES-AT, which generally

tried to maximize these parameters subject to engineering and

vertical stability constraints. This JET shot has a conventional

q profile, while the ARIES-AT design study assumed that a

reversed shear scenario can be stably maintained in steady

state. The composite tokamak of this paper has a conventional

q profile. The Miller equilibrium43 for this prototypical or

generic strongly shaped tokamak was set up in the following

way.

The shaping study in Ref. 35 chose to focus on the ra-

dius r/a¼ 0.8 in order to be fairly near the plasma edge

where shaping effects are stronger, but not too far out

because gyrokinetic codes often do not compare well with

the experiments near the edge (perhaps, because edge turbu-

lence is driven by mechanisms other than ITG/TEM modes

that require higher resolution than usual or additional effects

that are not included in present gyrokinetic codes). There-

fore, the study in this section uses r/a¼ 0.8.

Just inside the separatrix at the 95% poloidal flux sur-

face, the JET shot had an elongation of j95 ¼ 1:73 and trian-

gularity of d95 ¼ 0:46, while the core elongation is

jcore � 1:3. At the radius of interest, r/a¼ 0.8, R/a¼ 3.42,

j0:8 ¼ 1:46; j00:8 ¼ 0:57; d0:8 ¼ 0:19; d00:8 ¼ 0:60, and the

Shafranov shift is @R0=@r ¼ �0:14. Finally, the safety factor

q0:8 ¼ 2:03 and magnetic shear ŝ ¼ 1:62.

Keeping JET’s Shafranov shift, q and ŝ, a modified

ARIES-AT case was created using its j95 ¼ 2:08 and

d95 ¼ 0:76. Assuming, from the tokamak shaping studies,

that j; j0 / ðj95 � jcoreÞ and d; d0 / d95,

jtok
0:8 ¼ jJET

core þ
�
j0:8;JET � jJET

core

�
�
j95;tok � jJET

core

�
�
j95;JET � jJET

core

� ¼ 1:59;

(3)

jtok0

0:8 ¼ jJET0

0:8

�
j95;tok � jJET

core

�
�
j95;JET � jJET

core

� ¼ 1:03; (4)

dtok
0:8 ¼ dJET

0:8

dtok
95

dJET
95

¼ 0:31; (5)

dtok0

0:8 ¼ dJET0

0:8

dtok
95

dJET
95

¼ 0:99: (6)

Representative flux surfaces for this prototype strongly

shaped tokamak are shown in Figure 1.

B. NCSX geometry

References 18 and 44 describe how non-axisymmetric

geometry input is created for GS2. The coordinate system of

the flux-tube code GS2 includes the radial coordinate, q ¼ffiffi
s
p

(s � ðr=aÞ2 is the normalized toroidal flux), the coordi-

nate aligned to the field line, h, and the angle that selects a

flux tube, a ¼ f� qðh� h0Þ (where f and h are Boozer toroi-

dal and Boozer poloidal coordinates and h0 is the ballooning

parameter).

The GS2 documentation45 defines geometrical quantities

in terms of a parameter dWN=dq, where q is the radial coor-

dinate and WN is the normalized poloidal flux. Geometrical

quantities in this paper follow GS2 notation and include

dWN=dq. For more information, see Refs. 18 and 44.
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Figures 2–4 show the magnitude of the magnetic field,

curvature drift, and ðjk?j=khÞ2 for both the tokamak and

NCSX field line over the entire domain, and Figs. 5–7 show

close-ups around h ¼ 0. See Table I for a complete list of ge-

ometrical quantities and their values.

Notice that the bad (positive) curvature regions of

NCSX are much more localized than the tokamak case.

Coupled with the much stronger local magnetic shear

(responsible for the sharp peaks in k? / ŝ (Fig. 6)), this

explains why NCSX’s electrostatic potential eigenfunctions

are also more localized than the tokamak’s. An example is

shown in Figure 8. These traits could predict better transport

properties for NCSX.

C. ITG mode with adiabatic electrons

For the initial study, the ITG mode with adiabatic elec-

trons growth rates and their dependence on temperature

FIG. 1. Illustration of flux surface shapes for a prototypical strongly-shaped

tokamak at r/a¼ 0.8 (blue solid line), 0.9 (green dashed line), and 0.98 (red

dash-dot line).

FIG. 2. The NCSX (blue solid line) and tokamak (green dashed line) equili-

bria: normalized jBj vs. h.

FIG. 3. The NCSX (blue solid line) and tokamak (green dashed line) equili-

bria: normalized jBj vs. h, showing a close-up around h ¼ 0.

FIG. 4. The NCSX (blue solid line) and tokamak (green dashed line) the cur-

vature drift frequency (xcv;norm ¼ ð2a2=BNÞðdWN=dqÞðk?=nÞ � b� ½b � rb�)
along h.

FIG. 5. The NCSX (blue solid line) and tokamak (green dashed line) equilibria:

the curvature drift frequency (xcv;norm ¼ ð2a2=BNÞðdWN=dqÞðk?=nÞ � b
�½b � rb�) along h, showing a close-up around h ¼ 0.

FIG. 6. The NCSX (blue solid line) and tokamak (green dashed line) equili-

bria: k?
kh

� �2

vs. h.
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gradient were compared. Figures 9 and 10 show typical

growth rate spectra for NCSX and this tokamak. In Figure

11, the growth rate at each a=LT ða=LTe ¼ a=LTiÞ was the

highest in the range kyqi 2 ½0:2; 1:4� for NCSX and kyqi 2
½0:1; 1:0� for the tokamak. These ranges were wide enough

to capture the peak of the growth rate spectrum. Growth

rates shown are normalized such that ðc;xÞ
¼ ðcphysical;xphysicalÞða=vthiÞ. The NCSX threshold is

a=LT;crit � 1:26 and the tokamak’s is a=LT;crit � 1:22. This

difference is not very significant. However, soon after the

threshold, the NCSX growth rates surpass those of the toka-

mak, indicating that for a given a=LT , the adiabatic ITG

mode is more unstable in NCSX than in the tokamak. This

implies that the transport due to the adiabatic ITG mode

would be stiffer, but the temperature gradients would still be

expected to be very similar since they would be set by

a=LT;crit.

D. ITG mode with kinetic electrons

The threshold of the ITG mode with kinetic electrons

(with a=Ln ¼ 0) for the tokamak was somewhat lower than

that of NCSX, but the slope of the growth-rate curve is

almost the same for both (Fig. 12). Similar to Sec. II C,

growth rates shown were the highest on a spectrum of kyqi 2

TABLE I. Geometry values for the NCSX equilibrium.

Parameter Value

r/a 0.8

s � ðhr=aiÞ2 0.64

a ¼ f� qh 0

h0 0

qs 1.70

ŝ 0.835

hbi 0.0%

R �4:7aN � 1:5 m

aN �0:322 m

Ba ¼ hBi 1.58 T

FIG. 10. Tokamak growth rate spectrum for the adiabatic ITG mode with

a=LT ¼ 3; a=Ln ¼ 0.

FIG. 11. NCSX (blue crosses) and ARIES-AT-like tokamak (red circles) ad-

iabatic ITG mode growth rate dependence on temperature gradient. Fits

obtained through piecewise linear interpolation on the lowest half of the

growth rate curve.

FIG. 7. The NCSX (blue solid line) and tokamak (green dashed line) equili-

bria: k?
kh

� �2

vs. h, showing a close-up around h ¼ 0.

FIG. 8. Comparing electrostatic eigenfunctions for NCSX (Reð/Þ: red trian-

gles and Imð/Þ: light blue solid line) and tokamak (Reð/Þ: blue circles and

Imð/Þ: green dashed line), for an adiabatic ITG mode with

a=LT ¼ 3; a=Ln ¼ 0. For ARIES, kyqi ¼ 0:55, and for NCSX, kyqi ¼ 1:0.

FIG. 9. NCSX growth rate spectrum for the adiabatic ITG mode with

a=LT ¼ 3; a=Ln ¼ 0.
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½0:2; 1:4� for NCSX and kyqi 2 ½0:1; 1:0� for the tokamak

(see Figures 13 and 14 show typical growth rate spectra).

With kinetic electrons, the growth rates for the ITG mode in

NCSX increased over the adiabatic electron case (Fig. 11),

while the critical gradient lowered to a=LT;crit � 1:21. The

tokamak threshold decreased somewhat further, to

a=LT;crit � 1:11. The slope of the NCSX line is somewhat

steeper, and for a=LT � 1:82, the NCSX growth rates are

larger than the tokamak growth rates.

The growth rate vs. a=LT plot in Figure 12 shows

improvement in the a=LT threshold of NCSX over this toka-

mak by about 10%. Based on the marginal stability logic in

the beginning of Sec. II, this corresponds to about 22% more

fusion power for a NCSX-based design relative to the toka-

mak (with the same edge temperature and density assumed

for the two designs, and approximating the fusion power as

scaling as T2). Effects that might change this result include

finite beta modifications to the equilibrium and the nonlinear

Dimits shift,33,35 which could increase each critical gradient,

but the required nonlinear simulations are beyond the scope

of this work. A Dimits shift has been reported for a stellara-

tor15 and has been found in tokamak simulations.46,47

This is much better than one might have initially

guessed based on just the local value of R=LT in NCSX vs. a

tokamak. While from Eq. (2) it is clear that a=LT is the rele-

vant parameter for determining the core temperature, in the

axisymmetric community the threshold for the ITG instabil-

ity is usually expressed in terms of R=LT , which is often the

key parameter numerically. An instability threshold R=LT;crit

can be derived from the dispersion relation for a local ITG

mode in the bad curvature region, ignoring the parallel dy-

namics. In this limit, the critical instability parameter is the

ratio of the temperature-gradient diamagnetic drift frequency

(x�T / 1=LTi
) to the curvature drift frequency (xd / 1=R)

(particles with different energies have different curvature

drift velocities, which can result in Landau damping. This

criterion essentially says that the drive from the temperature

gradient must be strong enough to overcome this damping in

order to drive instabilities).

A concern could be that if an NCSX design is limited to

the same local Rloc=LT;loc as in a tokamak, it would have a

much lower a=LT (because at some toroidal locations, such

as the left panel of Figure 15, the cross section of NCSX is

very narrow, with a local plasma half-width aloc � a=2:58),

and thus would have much lower fusion power. Therefore,

the local value of the logarithmic gradient, 1=LT;loc

¼ jrTj=T ¼ ða=LTÞ=aloc, is much larger than the average

1=LT . This is enhanced by the larger average aspect ratio

ðR=aÞNCSX ¼ 4:7 relative to the tokamak ðR=aÞtok ¼ 3:42

and is partially compensated by the fact that the local radius

of curvature of the magnetic field, Rloc ¼ jb̂ � rb̂j�1

¼ 0:92 m (evaluated at the outer midplane of the r/a¼ 0.8

flux surface in the left panel of Figure 15), is somewhat

smaller than the average radius of curvature R¼ 1.51 m in

NCSX. Considering these modifications, the local Rloc=LT;loc

¼ ðRloc=RÞða=alocÞðR=aÞða=LTÞ ¼ 7:39a=LT in NCSX, while

R=LT ¼ 3:42a=LT for a tokamak.

Restating this concern, one may have thought that if

NCSX and a tokamak had the same normalized temperature

gradient, a=LT , the ITG modes would be much worse in

NCSX due to a much higher Rloc=LT;loc than the tokamak. In

fact, Figure 12 showed that NCSX has a somewhat higher

critical gradient in terms of a=LT , so the hypothesis that

NCSX and a tokamak are similar when expressed in terms of

Rloc=LT;loc must be incorrect. Indeed, this is strikingly illus-

trated in Figure 16 (same data as Fig. 12, renormalized),

which shows that NCSX has in fact much lower growth rates

than a tokamak for the same Rloc=LT;loc. This is probably

because the parallel dynamics are in fact not negligible in

NCSX. The eigenfunctions, as seen in Figure 8, are more

localized along a field line in NCSX than in a tokamak,

FIG. 12. Growth rates for an ITG mode with kinetic electrons as a function

of temperature gradient for NCSX (blue crosses) and an ARIES-AT-like

tokamak configuration (red circles). Fits obtained through piecewise linear

interpolation on the lowest half of the growth rate curve.

FIG. 13. NCSX growth rate spectrum for the kinetic ITG mode with

a=LT ¼ 3; a=Ln ¼ 0.

FIG. 14. Tokamak growth rate spectrum for the kinetic ITG mode with

a=LT ¼ 3; a=Ln ¼ 0.
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possibly through some combination of the stabilizing effects

of a narrower bad-curvature region (i.e., a shorter connection

length between good and bad curvature regions) and stronger

local magnetic shear. These effects should be investigated

more thoroughly in the future.

III. CONCLUSION

Cross-configuration comparisons of plasma confinement

are important to consider for the design of future fusion

energy devices. As a simple case, the linear stability of the

adiabatic and kinetic ITG modes was compared for NCSX

and a tokamak equilibrium. This particular tokamak equilib-

rium is a composite of JET H-mode shot #52979 and

ARIES-AT. NCSX had a similar linear critical temperature

gradient a=LT;crit to the tokamak case for ITG modes with

adiabatic electrons, although its growth rates were higher

than the tokamak’s beyond marginal stability. However, for

ITG modes with kinetic electrons, NCSX’s critical gradient

a=LT is approximately 9% higher than the tokamak’s, which

would correspond to an approximately 22% increase in the

fusion power for NCSX relative to the tokamak. The growth

rates in NCSX remained less than for the tokamak until

a=LT�1:5 a=LT;crit.

The parameter a=LT;crit is an important figure of merit

because it characterizes the core to edge temperature ratio (if

the plasma is near marginal stability as expected in typical

hot reactor regimes). While the parameter R=LT;crit is often a

useful stability parameter in tokamak cases, it was found that

stabilizing effects in the parallel dynamics in stellarators can

make it a less relevant measure for stellarators. Upon rescal-

ing the kinetic ITG mode data as a function of R=LT , it was

found that NCSX appears even more stable.

Future work that should be done includes using GS2’s

nonlinear capabilities to compare heat fluxes for various

fusion energy devices. Including more physical effects, such

as non-zero density gradients and collisionalities, would cre-

ate a clearer picture of their relative confinement properties.

A future study could compare stellarators with tokamaks in

various operating regimes that may potentially improve per-

formance further, including reversed magnetic shear and

hybrid low-shear scenarios.

ACKNOWLEDGMENTS

The authors wish to thank Neil Pomphrey for creating

the NCSX equilibrium, Pavlos Xanthopoulos for the use of

and assistance with GIST, and W. Dorland, M. A. Barnes,

and W. Guttenfelder for their help with GS2. This work was

supported by the U.S. Department of Energy through the Sci-

DAC Center for the Study of Plasma Microturbulence, the

Princeton Plasma Physics Laboratory under DOE Contract

No. DE-AC02-09CH11466, and Los Alamos National Secu-

rity, LLC under DOE Contract No. DE-AC52-06NA25396.

1P. C. Liewer, Nucl. Fusion 25, 543 (1985).
2J. Sapper and H. Renner, Fusion Technol. 7, 62 (1990).
3C. Beidler, G. Grieger, F. Herrnegger, E. Harmeyer, J. Kisslinger, W.

Lotz, H. Maassberg, P. Merkel, J. Nuhrenberg, F. Rau, J. Sapper, F. Sar-

dei, R. Scardovell, A. Schluter, and H. M. f. P. Woblig, Fusion Technol.

17, 148 (1990).
4G. Grieger, W. Lotz, P. Merkel, J. N€uhrenberg, J. Sapper, E. Strumberger,

H. Wobig, R. Burhenn, V. Erckmann, U. Gasparino, L. Giannone, H. J.

Hartfuss, R. Jaenicke, G. K€uhner, H. Ringler, A. Weller, F. Wagner, W7-

X Team, and W7-AS Team, Phys. Fluids B: Plasma Phys. 4, 2081 (1992).
5M. C. Zarnstorff, L. A. Berry, A. Brooks, E. Fredrickson, G.-Y. Fu, S.

Hirshman, S. Hudson, L.-P. Ku, E. Lazarus, D. Mikkelsen, D. Monticello,

FIG. 15. Poloidal cross sections of

NCSX for two toroidal angles. The

dashed line is the location of the vacuum

vessel and the solid lines are last closed

flux surfaces for various i profiles.

Reprinted with permission from Neil

Pomphrey et al., PPPL Report PPPL-

3701, 2002. More information can be

found in Refs. 48 and 49.

FIG. 16. Similar to Fig. 12, the x-axis is normalized by the local magnetic

field radius of curvature Rloc, instead of a. This demonstrates that NCSX

(blue crosses) performs much better than expected if the instability was the

same at the same ðR=LTÞloc, presumably indicating that additional stabilizing

effects in the parallel dynamics are important in NCSX. Tokamak growth

rates: red circles.

022305-6 Baumgaertel, Hammett, and Mikkelsen Phys. Plasmas 20, 022305 (2013)

Downloaded 28 Feb 2013 to 198.125.235.180. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1088/0029-5515/25/5/004
http://dx.doi.org/10.1063/1.860481


G. H. Neilson, N. Pomphrey, A. Reiman, D. Spong, D. Strickler, A.

Boozer, W. A. Cooper, R. Goldston, R. Hatcher, M. Isaev, C. Kessel, J.

Lewandowski, J. F. Lyon, P. Merkel, H. Mynick, B. E. Nelson, C. Nueh-

renberg, M. Redi, W. Reiersen, P. Rutherford, R. Sanchez, J. Schmidt, and

R. B. White, Plasma Phys. Controlled Fusion 43, A237 (2001).
6H. Yamada, A. Komori, N. Ohyabu, O. Kaneko, K. Kawahata, K. Y.

Watanabe, S. Sakakibara, S. Murakami, K. Ida, R. Sakamoto, Y. Liang, J.

Miyazawa, K. Tanaka, Y. Narushima, S. Morita, S. Masuzaki, T. Morisaki,

N. Ashikawa, L. R. Baylor, W. A. Cooper, M. Emoto, P. W. Fisher, H.

Funaba, M. Goto, H. Idei, K. Ikeda, S. Inagaki, N. Inoue, M. Isobe, K.

Khlopenkov, T. Kobuchi, A. Kostrioukov, S. Kubo, T. Kuroda, R. Kuma-

zawa, T. Minami, S. Muto, T. Mutoh, Y. Nagayama, N. Nakajima, Y.

Nakamura, H. Nakanishi, K. Narihara, K. Nishimura, N. Noda, T. Notake,

S. Ohdachi, Y. Oka, M. Osakabe, T. Ozaki, B. J. Peterson, G. Rewoldt, A.

Sagara, K. Saito, H. Sasao, M. Sasao, K. Sato, M. Sato, T. Seki, H.

Sugama, T. Shimozuma, M. Shoji, H. Suzuki, Y. Takeiri, N. Tamura, K.

Toi, T. Tokuzawa, Y. Torii, K. Tsumori, T. Watanabe, I. Yamada, S.

Yamamoto, M. Yokoyama, Y. Yoshimura, T. Watari, Y. Xu, K. Itoh, K.

Matsuoka, K. Ohkubo, T. Satow, S. Sudo, T. Uda, K. Yamazaki, O. Moto-

jima, and M. Fujiwara, Plasma Phys. Controlled Fusion 43, A55 (2001).
7S. P. Gerhardt, J. N. Talmadge, J. M. Canik, and D. T. Anderson, Phys.

Rev. Lett. 94, 015002 (2005).
8J. M. Canik, D. T. Anderson, F. S. B. Anderson, K. M. Likin, J. N. Tal-

madge, and K. Zhai, Phys. Rev. Lett. 98, 085002 (2007).
9J. N. Talmadge, F. S. B. Anderson, D. T. Anderson, C. Deng, W. Gutten-

felder, K. M. Likin, J. Lore, J. C. Schmitt, and K. Zhai, Plasma Fusion

Res. 3, S1002 (2008).
10G. Rewoldt, Phys. Fluids 25, 480 (1982).
11G. Rewoldt, W. M. Tang, and R. J. Hastie, Phys. Fluids 30, 807 (1987).
12G. Rewoldt, L.-P. Ku, W. M. Tang, and W. A. Cooper, Phys. Plasmas 6,

4705 (1999).
13W. Guttenfelder, J. Lore, D. T. Anderson, F. S. B. Anderson, J. M. Canik,

W. Dorland, K. M. Likin, and J. N. Talmadge, Phys. Rev. Lett. 101,

215002 (2008).
14P. Xanthopoulos and F. Jenko, Phys. Plasmas 14, 042501 (2007).
15P. Xanthopoulos, F. Merz, T. Goerler, and F. Jenko, Phys. Rev. Lett. 99,

035002 (2007).
16T.-H. Watanabe, H. Sugama, and S. Ferrando-Margalet, Nucl. Fusion 47,

1383 (2007).
17M. Nunami, T. Watanabe, and H. Sugama, Plasma Fusion Res. 5, 016

(2010).
18J. A. Baumgaertel, E. A. Belli, W. Dorland, W. Guttenfelder, G. W. Ham-

mett, D. R. Mikkelsen, G. Rewoldt, W. M. Tang, and P. Xanthopoulos,

Phys. Plasmas 18, 122301 (2011).
19J. A. Baumgaertel, G. W. Hammett, D. R. Mikkelsen, M. Nunami, and P.

Xanthopoulos, Phys. Plasmas 19, 122306 (2012).
20A. H. Boozer, Plasma Phys. Controlled Fusion 50, 124005 (2008).
21G. Rewoldt, L.-P. Ku, and W. M. Tang, Phys. Plasmas 12, 102512

(2005).
22M. Nunami, T. H. Watanabe, H. Sugama, and K. Tanaka, Phys. Plasmas

19, 042504 (2012).
23O. Yamagishi, M. Yokoyama, N. Nakajima, and K. Tanaka, Phys. Plasmas

14, 012505 (2007).
24T. H. Watanabe, H. Sugama, and S. Ferrando-Margalet, Phys. Rev. Lett.

100, 195002 (2008).
25T. H. Watanabe, H. Sugama, and M. Nunami, Nucl. Fusion 51, 123003

(2011).
26P. Xanthopoulos, A. Mischchenko, P. Helander, H. S. Sugama, and T. H.

Watanabe, Phys. Rev. Lett. 107, 245002 (2011).
27W. Dorland, F. Jenko, M. Kotschenreuther, and B. N. Rogers, Phys. Rev.

Lett. 85, 5579 (2000).
28F. Jenko, W. Dorland, M. Kotschenreuther, and B. N. Rogers, Phys. Plas-

mas 7, 1904 (2000).
29H. E. Mynick, N. Pomphrey, and P. Xanthopoulos, Phys. Rev. Lett. 105,

095004 (2010).
30O. Gruber, R. Arslanbekov, C. Atanasiu, A. Bard, G. Becker, W. Becker,

M. Beckmann, K. Behler, K. Behringer, A. Bergmann, R. Bilato, D. Bol-

shukin, K. Borrass, H.-S. Bosch, B. Braams, M. Brambilla, R. Branden-

burg, F. Braun, H. Brinkschulte, R. Brueckner, B. Bruesehaber, K. Buechl,

A. Buhler, H. Buerbaumer, A. Carlson, M. Ciric, G. Conway, D. P. Coster,

C. Dorn, R. Drube, R. Dux, S. Egorov, W. Engelhardt, H.-U. Fahrbach, U.

Fantz, H. Faugel, M. Foley, P. Franzen, P. Fu, J. C. Fuchs, J. Gafert, G.

Gantenbein, O. Gehre, A. Geier, J. Gernhardt, E. Gubanka, A. Gude, S.

Guenter, G. Haas, D. Hartmann, B. Heinemann, A. Herrmann, J. Hobirk,

F. Hofmeister, H. Hohenoecker, L. Horton, L. Hu, D. Jacobi, M. Jakobi, F.

Jenko, A. Kallenbach, O. Kardaun, M. Kaufmann, A. Kendl, J.-W. Kim,

K. Kirov, R. Kochergov, H. Kollotzek, W. Kraus, K. Krieger, B. Kurzan,

G. Kyriakakis, K. Lackner, P. T. Lang, R. S. Lang, M. Laux, L. Lengyel,

F. Leuterer, A. Lorenz, H. Maier, K. Mank, M.-E. Manso, M. Maraschek,

K.-F. Mast, P. J. McCarthy, D. Meisel, H. Meister, F. Meo, R. Merkel, V.

Mertens, J. P. Meskat, R. Monk, H. W. Mueller, M. Muenich, H. Mur-

mann, G. Neu, R. Neu, J. Neuhauser, J.-M. Noterdaeme, I. Nunes, G. Pau-

tasso, A. G. Peeters, G. Pereverzev, S. Pinches, E. Poli, R. Pugno, G.

Raupp, T. Ribeiro, R. Riedl, S. Riondato, V. Rohde, H. Roehr, J. Roth, F.

Ryter, H. Salzmann, W. Sandmann, S. Sarelma, S. Schade, H.-B. Schil-

ling, D. Schloegl, K. Schmidtmann, R. Schneider, W. Schneider, G.

Schramm, J. Schweinzer, S. Schweizer, B. D. Scott, U. Seidel, F. Serra, S.

Sesnic, C. Sihler, A. Silva, A. Sips, E. Speth, A. Staebler, K.-H. Steuer, J.

Stober, B. Streibl, E. Strumberger, W. Suttrop, A. Tabasso, A. Tanga, G.

Tardini, C. Tichmann, W. Treutterer, M. Troppmann, N. Tsois, W. Ullrich,

M. Ullrich, P. Varela, O. Vollmer, U. Wenzel, F. Wesner, R. Wolf, E.

Wolfrum, R. Wunderlich, N. Xantopoulos, Q. Yu, M. Zarrabian, D.

Zasche, T. Zehetbauer, H.-P. Zehrfeld, A. Zeiler, and H. Zohm, Nucl.

Fusion 41, 1369 (2001).
31H. E. Mynick, N. Pomphrey, and P. Xanthopoulos, Phys. Plasmas 18,

056101 (2011).
32G. Staebler and H. S. John, Nucl. Fusion 46, L6 (2006).
33A. M. Dimits, G. Bateman, M. A. Beer, B. I. Cohen, W. Dorland, G. W.

Hammett, C. Kim, J. E. Kinsey, M. Kotschenreuther, A. H. Kritz, L. L.

Lao, J. Mandrekas, W. M. Nevins, S. E. Parker, A. J. Redd, D. E. Shu-

maker, R. Sydora, and J. Weiland, Phys. Plasmas 7, 969 (2000).
34F. Jenko, W. Dorland, and G. W. Hammett, Phys. Plasmas 8, 4096 (2001).
35E. A. Belli, G. W. Hammett, and W. Dorland, Phys. Plasmas 15, 092303

(2008).
36F. Najmabadi, A. Abdou, L. Bromberg, T. Brown, V. Chan, M. Chu, F.

Dahlgren, L. El-Guebaly, P. Heitzenroeder, D. Henderson, H. St. John, C.

Kessel, L. Lao, G. Longhurst, S. Malang, T. Mau, B. Merrill, R. Miller, E.

Mogahed, R. Moore, T. Petrie, D. Petti, P. Politzer, A. Raffray, D. Steiner,

I. Sviatoslavsky, P. Synder, G. Syaebler, A. Turnbull, M. Tillack, L.

Waganer, X. Wang, P. West, and P. Wilson, Fusion Eng. Design 80, 3

(2006).
37E. A. Lazarus, M. S. Chu, J. R. Ferron, F. J. Helton, J. T. Hogan, A. G.

Kellman, L. L. Lao, J. B. Lister, T. H. Osborne, R. Snider, E. J. Strait, T.

S. Taylor, and A. D. Turnbull, Phys. Fluids B: Plasma Phys. 3, 2220

(1991).
38E. J. Strait, Phys. Plasmas 1, 1415 (1994).
39D. A. Gates, Phys. Plasmas 10, 1659 (2003).
40C. Roach, M. Walters, R. Budny, F. Imbeaux, T. Fredian, M. Greenwald,

J. Stillerman, D. Alexander, J. Carlsson, J. Cary, F. Ryter, J. Stober, P.

Gohil, C. Greenfield, M. Murakami, G. Bracco, B. Esposito, M. Roma-

nelli, V. Parail, P. Stubberfield, I. Voitsekhovitch, C. Brickley, A. Field,

Y. Sakamoto, T. Fujita, T. Fukuda, N. Hayashi, G. Hogeweij, A. Chudnov-

skiy, N. Kinerva, C. Kessel, T. Aniel, G. Hoang, J. Ongena, E. Doyle, W.

Houlberg, A. Polevoi, ITPA Confinement Database and Modelling Topical

Group, and ITPA Transport Physics Topical Group, Nucl. Fusion 48,

125001 (2008).
41M. Valovic, J. Rapp, J. G. Cordey, R. Budny, D. C. McDonald, L. Gar-

zotti, A. Kallenbach, M. A. Mahdavi, J. Ongena, V. Parail, G. Saibene, R.

Sartori, M. Stamp, O. Sauter, J. Strachan, W. Suttrop, and c. t. t. E. Work-

programme, Plasma Phys. Controlled Fusion 44, 1911 (2002).
42J. Ongena, P. Monier-Garbet, W. Suttrop, P. Andrew, M. B�ecoulet, R.

Budny, Y. Corre, G. Cordey, P. Dumortier, T. Eich, L. Garzotti, D. Hillis,

J. Hogan, L. Ingesson, S. Jachmich, E. Joffrin, P. Lang, A. Loarte, P.

Lomas, G. Maddison, D. McDonald, A. Messiaen, M. Nave, G. Saibene,

R. Sartori, O. Sauter, J. Strachan, B. Unterberg, M. Valovic, I. Voitsekho-

vitch, M. v. Hellermann, B. Alper, Y. Baranov, M. Beurskens, G. Bon-

heure, J. Brzozowski, J. Bucalossi, M. Brix, M. Charlet, I. Coffey, M. D.

Baar, P. D. Vries, C. Giroud, C. Gowers, N. Hawkes, G. Jackson, C. Jupen,

A. Kallenbach, H. Koslowski, K. Lawson, M. Mantsinen, G. Matthews, F.

Milani, M. Murakami, A. Murari, R. Neu, V. Parail, S. Podda, M. Puiatti,

J. Rapp, E. Righi, F. Sartori, Y. Sarazin, A. Staebler, M. Stamp, G. Tel-

esca, M. Valisa, B. Weyssow, K. Zastrow, and E. W. Contributors, Nucl.

Fusion 44, 124 (2004).
43R. L. Miller, M. S. Chu, J. M. Greene, Y. R. Lin-Liu, and R. E. Waltz,

Phys. Plasmas 5, 973 (1998).
44J. A. Baumgaertel, “Simulating the effects of stellarator geometry on gyro-

kinetic drift-wave turbulence,” Ph.D. dissertation (Princeton University,

2012).

022305-7 Baumgaertel, Hammett, and Mikkelsen Phys. Plasmas 20, 022305 (2013)

Downloaded 28 Feb 2013 to 198.125.235.180. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1088/0741-3335/43/12A/318
http://dx.doi.org/10.1088/0741-3335/43/12A/305
http://dx.doi.org/10.1103/PhysRevLett.94.015002
http://dx.doi.org/10.1103/PhysRevLett.94.015002
http://dx.doi.org/10.1103/PhysRevLett.98.085002
http://dx.doi.org/10.1585/pfr.3.S1002
http://dx.doi.org/10.1585/pfr.3.S1002
http://dx.doi.org/10.1063/1.863760
http://dx.doi.org/10.1063/1.866332
http://dx.doi.org/10.1063/1.873757
http://dx.doi.org/10.1103/PhysRevLett.101.215002
http://dx.doi.org/10.1063/1.2714328
http://dx.doi.org/10.1103/PhysRevLett.99.035002
http://dx.doi.org/10.1088/0029-5515/47/9/041
http://dx.doi.org/10.1585/pfr.5.016
http://dx.doi.org/10.1063/1.3662064
http://dx.doi.org/10.1063/1.4771587
http://dx.doi.org/10.1088/0741-3335/50/12/124005
http://dx.doi.org/10.1063/1.2089247
http://dx.doi.org/10.1063/1.4704568
http://dx.doi.org/10.1063/1.2434796
http://dx.doi.org/10.1103/PhysRevLett.100.195002
http://dx.doi.org/10.1088/0029-5515/51/12/123003
http://dx.doi.org/10.1103/PhysRevLett.107.245002
http://dx.doi.org/10.1103/PhysRevLett.85.5579
http://dx.doi.org/10.1103/PhysRevLett.85.5579
http://dx.doi.org/10.1063/1.874014
http://dx.doi.org/10.1063/1.874014
http://dx.doi.org/10.1103/PhysRevLett.105.095004
http://dx.doi.org/10.1088/0029-5515/41/10/306
http://dx.doi.org/10.1088/0029-5515/41/10/306
http://dx.doi.org/10.1063/1.3560591
http://dx.doi.org/10.1088/0029-5515/46/8/L02
http://dx.doi.org/10.1063/1.873896
http://dx.doi.org/10.1063/1.1391261
http://dx.doi.org/10.1063/1.2972160
http://dx.doi.org/10.1016/j.fusengdes.2005.11.003
http://dx.doi.org/10.1063/1.859639
http://dx.doi.org/10.1063/1.870691
http://dx.doi.org/10.1063/1.1556606
http://dx.doi.org/10.1088/0029-5515/48/12/125001
http://dx.doi.org/10.1088/0741-3335/44/9/309
http://dx.doi.org/10.1088/0029-5515/44/1/015
http://dx.doi.org/10.1088/0029-5515/44/1/015
http://dx.doi.org/10.1063/1.872666


45M. Barnes, “Trinity: A unified treatment of turbulence, transport, and heating

in magnetized plasmas,” Ph.D. dissertation (University of Maryland, 2009).
46D. R. Mikkelsen and W. Dorland, Phys. Rev. Lett. 101, 135003 (2008).
47J. L. Peterson, R. Bell, J. Candy, W. Guttenfelder, G. W. Hammett, S. M.

Kaye, B. LeBlanc, D. R. Mikkelsen, D. R. Smith, and H. Y. Yuh, Phys.

Plasmas 19, 056120 (2012).

48N. Pomphrey, R. Hatcher, S. P. Hirshman, S. Hudson, L. Ku, E. Lazarus,

H. Mynick, D. Monticello, G. H. Neilson, A. Reiman, and NCSX Team,

PPPL Report PPPL-3701, 2002.
49N. Pomphrey, A. Boozer, A. Brooks, R. Hatcher, S. P. Hirshman, S. Hud-

son, L. Ku, E. Lazarus, H. Mynick, D. Monticello, M. Redi, A. Reiman,

M. C. Zarnstorff, and I. Zatz, Fusion Sci. Technol. 51, 181 (2007).

022305-8 Baumgaertel, Hammett, and Mikkelsen Phys. Plasmas 20, 022305 (2013)

Downloaded 28 Feb 2013 to 198.125.235.180. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1103/PhysRevLett.101.135003
http://dx.doi.org/10.1063/1.4718456
http://dx.doi.org/10.1063/1.4718456

